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DISCLAIMER STATEMENT
The contents of this report reflect the views of the authors who are responsible for the facts and the accuracy of the data presented herein. The contents do not necessarily reflect the official views or policies of the STATE OF CALIFORNIA or the FEDERAL HIGHWAY ADMINISTRATION. This report does not constitute a standard, specification or regulation. Prefabricated epoxy-coated reinforcement is used increasingly in reinforced concrete construction in which high corrosion resistance is required. It is well established that epoxy coating reduces bond strength between reinforcement and concrete, and some tests have found that bond strength decreases as coating thickness increases. For prefabricated epoxy-coated reinforcement, it can be difficult to maintain coating thicknesses within required tolerances 175 to 300 µm. Beam-end tests were carried out on uncoated bars, bars with green epoxy coating (203 µm coating thickness), and prefabricated (gray) epoxy coating (203 to 508 µm coating thickness). Tests showed that epoxy coating reduces bond strength, with similar reductions for green and gray coatings. In some cases, bond strength decreased with increasing coating thickness, but for the range of thicknesses investigated the reduction factor of current building codes was found to be conservative. 
INTRODUCTION
Epoxy coatings are used to increase the corrosion resistance of steel reinforcement used in reinforced concrete construction. The coating can be applied either before or after the reinforcement is fabricated. In the former method, the epoxy coating is applied to straight reinforcing bars, which subsequently are bent (fabricated) into required shapes. Bars prepared using this procedure commonly are known as "green epoxy-coated bars" because of the green color of the epoxy that is used. Sometimes the fabrication process can cause damage to the green epoxy coating, leading to reduced corrosion resistance. Prefabricated epoxy-coated reinforcement (typically either purple epoxy-coated or gray epoxy-coated) has been developed to reduce potential damage to the protective coating. The reinforcement is first fabricated into required shapes, and then it is hung from a conveyor system and moved through the coating process. The epoxy coating for prefabricated epoxy-coated reinforcement can be more rigid, as specifications do not permit bending the reinforcement after coating. Although excellent quality control in epoxy coating thickness is possible with either method, it is more difficult to control coating thickness for prefabricated reinforcement than it is for green epoxy-coated reinforcement.
Epoxy coating on reinforcement reduces bond capacity in comparison with uncoated (black) bars [DeVries, 1989; Treece, 1989; Choi, 1991; Cleary, 1991; Hamad, 1993; Hester, 1993; Hadje-Ghaffari, 1994; Darwin, 1996; Idun, 1999; Miller, 2003] . Some studies [Choi, 1991] have found that bond strength decreases with increasing coating thickness for small bar sizes, while others have found that bond strength is insensitive to coating thickness within some coating thickness ranges [Treece, 1989; Miller, 2003] . Pullout tests from large concrete prisms [Mathey, 1976] found that pullout strength was insensitive to coating thickness in the range 25 to 279 µm (1 to 11 mils), but strength was lower for a bar with 635-µm (25-mil) coating thickness. All the tests cited were conducted on bars with green epoxy coating.
Prefabricated epoxy-coated reinforcement is being used in a range of applications, but especially where corrosion potential is high. Current specifications [ASTM A934-04] require epoxy coating thickness to be in the range from 175 to 300 µm (7 to 12 mils). Given the wide range of prefabricated shapes, it can be difficult to maintain the coating thickness within the 2 specified range. It is important to understand the effect of larger coating thickness on bond strength. An experimental program was conducted to investigate that effect. The program and its results are reported here.
RESEARCH SIGNIFICANCE
The study reported here examines the effect of epoxy coating thickness on bond strength of prefabricated epoxy-coated reinforcement, and provides evidence that larger coatings can be permitted without penalty on development or splice length. Tests were conducted using the beam-end test method (ASTM A944-99), in which the test bars are pulled from a beam-end specimen in which the bars are embedded (Figure 1 ). The test bar enters the beam-end specimen at the loaded end, extends into the specimen along a short unbonded length, extends further along a bonded length, and has an additional unbonded length before terminating within the test specimen. The test specimen is positioned in a test rig so that the test bar can be pulled slowly from the test specimen (Figure 2 ). During a test, when the test bar is pulled, the beam-end specimen is restrained from translation through a compression reaction and restrained from rotation through a tie-down. These boundary conditions approximate those of the end region of a simply-supported beam. 13 bar tests, the length was reduced to 102 mm (4 in.) because the longer length resulted in bar yield prior to bond failure. Bond lengths for the No. 35 bar tests were set at 254 mm (10 in.); the relatively shorter length was deemed appropriate because these bars were confined by transverse reinforcement, which was expected to improve bond strength.
EXPERIMENTAL PROGRAM
Additional details of the test specimens include:
• Unbonded lengths at the loaded end were 13 mm (0. • Additional longitudinal reinforcement was provided on either side of the test bar to provide tension capacity past the bonded length of the test bar.
• Stirrups were provided for shear resistance, but were oriented parallel to the "pull" 
TEST SPECIMEN CONSTRUCTION
Beam-end specimens were constructed from manufacturer-supplied test bars and prefabricated stirrups and spirals. Tolerance for bonded lengths, test bar cover, and overall specimen dimsnsions was ±1 mm (±1/16 in.), while tolerance for other dimensions was ±6 mm (±1/4 in.). Reinforcement was held in place using steel chairs or external wood templates (concrete dobies were used instead of steel ties for the second casting of No. 25 test bars; no effect of this substitution was identified). Unbonded lengths at the loaded and unloaded ends were formed by passing the test bar through short lengths of polyvinyl chloride (PVC) pipes whose ends were sealed with modeling clay or a bead of hot glue (Figure 1 
TEST PROCEDURE
Beam-end specimens were tested according to ASTM A944-99. Figure 2 shows the test apparatus. For testing, a beam-end specimen was situated at one end of the test apparatus with the horizontally oriented test bar at the top of the specimen (specimens were rotated from their casting position to this testing position). A mechanical wedge grip fixed in a cross-beam engaged the loaded end of the test bar. The cross-beam was pulled longitudinally using a 900-kN (200-kip) capacity hydraulic jack and a yoke that transferred force from the jack to the crossbeam, thereby pulling the test bar. Teflon sheets were placed along sliding surfaces of the test 11 apparatus to reduce friction losses. As the beam-end specimen was pulled, the concrete at the bottom of the test specimen reacted in compression against the loading apparatus. A hold-down at the back end of the beam-end specimen restrained the specimen against overturning.
Prior to testing, a beam-end specimen was shimmed and aligned so the test bar was parallel to the loading frame. A thin layer of hydrostone was cast between the compression zone at the bottom of the beam-end specimen and the loading apparatus to ensure an even bearing surface.
The hold-down mechanism at the back end of the beam-end specimen was hand-tightened. Concrete compressive strengths ranged from 29.1 to 39.3 MPa (4200 to 5700 psi). Modulus of elasticity averaged 25,600 MPa (3700 ksi) and split cylinder tensile strengths ranged from 2.65 to 3.55 MPa (385 to 515 psi).
All reinforcement was ASTM A615 Grade 60 deformed reinforcement. All test bars were specified to be from a single heat, and all had the same deformation pattern (samples are shown in Figure 3 
EVALUATION OF TEST RESULTS
Test results for different test bar diameters are compared in Figure Coating Thickness, µm Coating Thickness, µm As shown, several bars had bond failure for load higher than the reinforcement yield load. While this might obscure relative bond strengths, it is noteworthy that bond strengths did not decrease with increasing coating thickness. Figure 6b compares results for No. 13 test bars with 102-mm (4-in.) bonded lengths. Bond failure occurred for load less than the yield load for all tests. The bond strength of the prefabricated epoxy-coated bars (gray) apparently decreased with increasing coating thickness; average C/U ratios were 1.02, 0.93, 0.88, and 0.85 for coating thicknesses of 203, 305, 406, and 508 µm (8, 12, 16, and 20 mils) . The ACI Building Code [ACI 318-2002] specifies longer development lengths for epoxycoated reinforcement than for non-coated bars. For cover not less than 3d b , the length is increased by factor 1.2. The implicit bond-strength reduction factor is 1/1.2 = 0.83. Figure 6 shows a dot-dash line, which corresponds to the ratio of the average bond strength for uncoated bars of that test series and the modification factor 1.2. Almost all data points fall above the dotdash line, regardless of coating type or thickness. , which is based on the product of the uniform bond stress capacity u and the bonded area along the length l provided .
Equation (3) does not address the effect of epoxy coating. In this study, however, it is assumed that the bond strength will reduce by the factor 1/1.2 as specified in ACI . The open circles in Figure 6 present the results. In all cases, the measured strengths are greater than those obtained from Equation (3) modified by the factor 1/1.2.
COMPARISON WITH TRENDS OBSERVED IN OTHER TESTS
Previous studies have found that epoxy coating on reinforcement reduces bond strength in comparison with uncoated (black) bars [DeVries, 1989; Treece, 1989; Choi, 1991; Cleary, 1991; Hamad, 1993; Hester, 1993; Hadje-Ghaffari, 1994; Darwin, 1996; Idun, 1999; Miller, 2003] .
Some studies [Choi, 1991] have found that bond strength decreases with increasing coating thickness for small bar sizes, while others have found that bond strength is insensitive to coating thickness within the range 127 to 356 µm (5 to 14 mils) [Treece, 1989] or up to 406 µm (16 mils) for No. 19 or larger bars [Miller, 2003] . Pullout tests from large concrete prisms [Mathey, 1976] found that pullout strength was insensitive to coating thickness in the range 25 to 279 µm
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(1 to 11 mils); for a single test with 635-µm (25-mil) coating thickness the bond strength was reduced. Figure 7 presents results from Miller, et al. [Miller, 2003] 
IMPLICATIONS FOR DESIGN
The present study examined bond strength of prefabricated (gray) 
